The effective thermal conductivities of unidirectionally aligned SiC whisker reinforced aluminum alloy matrix composites with different whisker diameters and volume fractions were measured from room temperature to 700 K. The thermal conductivity values parallel to the whiskers were found to be significantly higher than those in the normal direction. The thermal conductivities decrease as the whiskers' volume fraction is increased or their diameter is decreased. Effective-medium theory was used to calculate the effective thermal conductivity of the composites with consideration of the interfacial thermal resistance. The calculated values are in good agreement with the experimental ones.
Introduction
SiC reinforced aluminum matrix composites offer advantages over single phase aluminum for stiffness, strength, fatigue resistance, and wear resistance. 1, 2) These composites are also required to be able to withstand thermal shock and thermal fatigue coursed by high levels of heat flux and rapid temperature changes. Thermal conductivity becomes an important property to consider when selecting the optimum material to meet design requirements.
Theoretical studies [3] [4] [5] on effective thermal conductivity of dispersed composite indicates that the composite thermal conductivity is a function of the volume fraction, shape, size and orientation of the dispersed phase, as well as the interfacial thermal resistance. These effects were verified in studies on a variety of whisker 6, 7) and particle [8] [9] [10] reinforced composites. For SiC whisker reinforced aluminum composite, Geng et al. 11) have reported the effect of whisker volume fraction on thermal conductivity at room temperature. And in this study, the effects of various variables including orientation, size and volume fraction of whisker, and interfacial thermal resistance are investigated.
Experimental
Specimens of aluminum alloy (A2024) and its composites with SiC whiskers were supplied by TOKAI CARBON CO., LTD. Using whiskers with diameter of 0.5 mm and 1.0 mm, composites with whisker volume fraction of 10% and 20% were made. Hereby we indicate the composites by the diameter and volume fraction of the whisker, for example, SiCw0.5-10% means whisker diameter 0.5 mm and volume fraction 10%. The composites were manufactured by a powder metallurgy method, and extruded with an extrusion rate of 10:1, solution treated at 768 K, then aged for 9 h at 463 K.
Two slices parallel and normal to the extrusion direction were cut from each specimen and surface polished for structure analysis; and another two were cut for thermal conductivity measurement. Optical microscope observation was performed with NIKON MICROPHOT-FXA with up to 1000 times magnification. The specimens for scanning electron microscope (SEM) examination were etched in HCl:H 2 O (1:4) for 10 min, and examined with a JEOL JSM6100 operating at 20.0 kV.
Thermal diffusivity was measured by laser-flash method using a ULVAC TC-7000 with disc specimens in a diameter of 10 mm and thickness of 3.5 mm. The discs were coated with 0.6 mm-thick gold followed by 0.5 mm-thick black carbon to ensure efficient absorption of laser. The measurements were made from room temperature up to 700 K. Density was obtained from the weight and volume of each specimen. Specific heat was calculated with additive property using the published specific heat data of Al alloy A2024 12) and SiC.
13) The thermal conductivity was calculated by multiplying the thermal diffusivity with the density and specific heat.
Result and Discussion

Orientation of whiskers
Optical micro-photographs in Fig. 1 exhibit the crosssections of SiCw1.0-20% specimen normal (Fig. 1A) and parallel ( Fig. 1B) to the extrusion direction. The different views of SiC whiskers in these two pictures indicate a fact that the whiskers are preferably oriented along the direction of extrusion. The same phenomenon was observed in the other three specimens.
The SEM images in Fig. 2 shows the SiC whiskers inside SiCw0.5-20% and SiCw1.0-20% specimens. It was confirmed that the whiskers are approximately unidirectionally aligned.
Thermal conductivity of composite 3.2.1 Anisotropy of thermal conductivity
The thermal conductivities of composites along and normal to the direction of whiskers alignment are shown in Fig. 3 . For three specimens (SiCw0.5-10%, SiCw0.5-20% and SiCw1.0-10%) of the four, the thermal conductivity values parallel to the whiskers are obviously higher than those in the normal direction, and in the case of SiCw1.0-20%, the difference can be detected at some temperature points.
Effect of whisker volume fraction and size
In order to compare the thermal conductivity of different specimens, we redrew their thermal conductivity as Fig. 4 . Both thermal conductivities normal (Fig. 4A) and parallel ( Fig. 4B) to the whiskers shows a same tendency, that is, when SiC whiskers take the same diameter (0.5 mm or 1.0 mm), specimens including more whiskers (20 vol%) have lower thermal conductivities than those including less whiskers (10 vol%); on the other hand, with the same volume fraction (10% or 20%), specimens with larger (1.0 mm) whisker diameter have higher thermal conductivities than those with smaller (0.5 mm) one. This phenomenon can be explained by the effect of thermal resistance on the SiC/Al interface, which has been known as a main mechanism reducing the thermal conductivity of this type of materials. 8) When the amount of whisker increased or the size of whisker decrease, more interfaces were contained in the composite and a lower thermal conductivity was yielded.
Temperature dependence
Let's focus on the temperature dependence of the thermal conductivities shown in Fig. 4 . In the temperature range from room temperature to 700 K, the thermal conductivity of matrix increased as temperature increasing. The thermal conductivity of composites showed the same tendency, whereas, the increasing rate is smaller than that of matrix. Especially for the specimen of SiCw1.0-20%, the increase was obviously slower than the others. This can be understood when we take into account of the influence of SiC. Available data 14) shows that in this temperature range the thermal conductivity of SiC crystal decreases with increase of temperature. The temperature dependence of composite is affected by both aluminum matrix and SiC whisker, and the effect of SiC becomes obvious when the whisker has a big size and the volume fraction is large.
Theoretical approach
C. Nan et al. 4) deduced an expression for calculating the thermal conductivity of particulate composites with interfacial thermal resistance based on effective medium theory. The structure model they used is illustrated in Fig. 5 . An ellipsoidal particle with semi-axes a 1 and a 3 , and thermal conductivity d is embedded in a matrix with thermal conductivity m , and the interfacial thermal conductance between the particle and the matrix is h c . The thermal conductivity of composite can be expressed as:
where, f is the volume fraction of particles and Thermal Conductivity of Unidirectionally Aligned SiC Whisker Reinforced Al Alloy Matrix Composite with Interfacial Thermal Resistance
Above equations were used to estimate the thermal conductivity of the composites studied in this work. Parameters used in calculation were listed in Table 1 . The thermal conductivity of SiC whisker reported by Hasselman 6) and the SiC/Al interfacial thermal conductance 8) obtained with SiC particles reinforced aluminum composite were used. a 1 and a 3 were determined as the average size of the whiskers appeared in the optical micro-photograph of each composite. The calculated thermal conductivities at room temperature were plotted in Fig. 6 together with the measured values. The dependence of thermal conductivity on whisker diameter and volume fraction obtained with effective-medium theory is same as that observed in experiment. The calculation is in good agreement with the measurement.
Conclusion
In this paper, we investigated the effects of whisker orientation, volume fraction and size as well as interfacial thermal resistance on the thermal conductivity of SiC reinforced aluminum matrix composite. Anisotropy in thermal conductivity was detected as a result of preferred alignment of the whiskers. Due to the effect of interfacial thermal resistance, increase in the amount or decrease in the size of whisker leads to reduction of the thermal conductivity. It is possible to predict the thermal conductivity of this composite using effective-medium theory with consideration of all above parameters.
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